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ABSTRACT 13 
 14 
The removal of arsenate anions from aqueous media, sediments and wasted 15 
soils is of environmental significance. The reaction of gypsum with the 16 
arsenate anion results in pharmacolite mineral formation, together with 17 
related minerals. Raman and infrared spectroscopy have been used to 18 
study the mineral pharmacolite Ca(AsO3OH)·2H2O. The mineral is 19 
characterised by an intense Raman band at 865 cm-1 assigned to the 1 20 
(AsO3)2- symmetric stretching mode. The equivalent infrared band is found 21 
at 864 cm-1. The low intensity Raman bands in the range from 844 to 886 22 
cm-1 provides evidence for 3 (AsO3) antisymmetric stretching vibrations. A 23 
series of overlapping bands in the 300 to 450 cm-1 are attributed to ν2 and ν4 24 
(AsO3) bending modes. Prominent Raman bands at around 3187 cm-1 are 25 
assigned to the OH stretching vibrations of hydrogen bonded water 26 
molecules and the two sharp bands at 3425 and 3526 cm-1 to the OH 27 
stretching vibrations of only weakly hydrogen bonded hydroxyls  in 28 
(AsO3OH)2- units.   29 
 30 
 31 
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INTRODUCTION 34 
 35 
 Pharmacolite is a calcium hydroxy arsenate hydrate mineral of formula 36 
Ca(AsO3OH)·2H2O 1 and occurs as minute, colourless, radiating crystals, and may be 37 
associated with picropharmacolite Ca4Mg(AsO3OH)2(AsO4)2·11H2O, haidingerite 38 
Ca(AsO3OH)·H2O, brassite Mg(AsO3OH)·4H2O, hörnesite Mg3(AsO4)2·4H2O, rosslerite 39 
Mg(AsO3OH)·7H2O and other especially hydroxy arsenates. The crystal structure of 40 
pharmacolite has been published 2, 3.  Ferraris found that pharmacolite crystallizes in the 41 
monoclinic system with space group Ia. Unit-cell parameters were found to be a = 5.9745, b 42 
= 15.4340, c = 6.2797 Å, β = 114.83o, with Z = 4. The crystal structure is analogous to those 43 
of gypsum and brushite, containing layers at right angles to [010] in which Ca atoms are 44 
coordinated by 6 O atoms in AsO4 tetrahedra - one oxygen of which forms an OH group 45 
rather weakly bonded to Ca atoms and 2 independent H2O molecules at the surface of the 46 
layers. The layers are joined by hydrogen bonds, which are also formed by both H2O 47 
molecules and OH groups within the layers.   48 
 49 
Synthesis of pharmacolite has been published 4, 5 crystal growth and crystal structure 50 
has been studied 6. Fundamentally aqueous solutions containing arsenate anions reacting with 51 
gypsum result in the formation of pharmacolite. The study of pharmacolite formation is 52 
important for water purification and soil remediation 7. Arsenate minerals such as 53 
pharmacolite have significant solubility and will translocate through aquifers. The 54 
mobilisation of arsenic from ground waters 8 , tailings dams 9 and wasted soil areas is 55 
significant 8-12. The formation of pharmacolite offers a mechanism for control of these 56 
environmental issues 12.   57 
 58 
The infrared spectrum of pharmacolite has been published 13-15. The aim of this paper 59 
is to report the Raman and infrared spectra of pharmacolite and to relate the spectra to the 60 
molecular chemistry and the crystal chemistry of this arsenate mineral. The paper follows the 61 
systematic research of the large group of supergene minerals 16-18 and especially molecular 62 
structure of minerals containing oxyanions using IR and Raman spectroscopy 19-32. 63 
 64 
EXPERIMENTAL 65 
 66 
Minerals 67 
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 68 
The studied samples of the mineral pharmacolite were found at the Svornost deposit 69 
(Jáchymov ore district), Krušné hory Mountains, northern Bohemia (labelled J) 33, and at 70 
Zálesí uranium deposit, Rychlebské hory Mountains, northern Moravia, both Czech Republic 71 
(labelled Z) 15,34. The samples were analysed for phase purity by X-ray powder diffraction, 72 
and no significant impurities were found. Their refined unit-cell parameters for the 73 
monoclinic space group Ia are: a = 5.969(1), b = 15.415(2), c = 6.278(1) Å,  β = 114.87(1)o, 74 
V= 524.1(2) Å3 (J), and a = 5.970(1), b = 15.420(2), c = 6.279(2) Å, β = 114.85(1)o, V= 75 
524.5(3) Å3 (Z) respectively. The unit-cell parameters of these minerals were comparable 76 
with data published for this mineral phase 2,3,33. Polished section of pharmacolite samples was 77 
analysed by Cameca SX100 microprobe system in wavelength dispersion mode for chemical 78 
composition. The results (mean of 3 point analysis) are CaO 29.63, As2O5 58.09, P2O5 0.06, 79 
SO3 0.15, F 0.64, O=F -0.27, H2O (22.57), sum 110.87 wt. % and empirical formula 80 
Ca1.04[AsO3(OH)0.93F0.07]Σ1.00 .2H2O (J - mean of 3 point analyses) and CaO 29.62, ZnO 0.10, 81 
As2O5 59.22, SO3 0.40, F 0.66, O=F -0.28, H2O (23.08), sum 112.80 wt. % with empirical 82 
formula Ca1.01[AsO3(OH)0.92F0.07]Σ0.99(SO4)Σ0.01 .2H2O (Z - mean of 4 point analyses), 83 
respectively. Higher sums in chemical analyses are caused by the loss of approximately 1/2 84 
H2O (molecular water) in vacuum of the electron microprobe. The basis of recalculating is 85 
(As+P+S) = 1.00 apfu; the H2O contents were calculated on the basis of theoretical content 1 86 
OH- + 2H2O in the crystal structure of pharmacolite. Observed chemical composition of both 87 
pharmacolite samples are close to the ideal composition Ca(AsO3OH) . 2H2O given for 88 
pharmacolite1-3,35.  89 
 90 
Raman and infrared spectroscopy 91 
 92 
Crystal fragments of pharmacolite were placed on a polished metal surface on the 93 
stage of an Olympus BHSM microscope, which is equipped with 10x, 20x, and 50x 94 
objectives. The microscope is part of a Renishaw 1000 Raman microscope system, which 95 
also includes a monochromator, a filter system and a CCD detector (1024 pixels). The Raman 96 
spectra were excited by a Spectra-Physics model 127 He-Ne laser producing highly polarised 97 
light at 633 nm and collected at a nominal resolution of 2 cm-1 and a precision of ± 1 cm-1 in 98 
the range between 200 and 4000 cm-1. Repeated acquisitions on the crystals using the highest 99 
magnification (50x) were accumulated to improve the signal to noise ratio in the spectra. 100 
Spectra were calibrated using the 520.5 cm-1 line of a silicon wafer. Previous studies by the 101 
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authors provide more details of the experimental technique. Alignment of all crystals in a 102 
similar orientation has been attempted and achieved. However, differences in intensity may 103 
be observed due to minor differences in the crystal orientation 23-32, 36-41.   104 
Infrared spectra of pharmacolite samples were recorded by micro-DRIFTS method on 105 
a Nicolet Magna 760 FTIR spectrometer (range 4000-600 cm-1, resolution 4 cm-1, 128 scans, 106 
2 level zero-filtering, Happ-Genzel apodization), equipped with Spectra Tech InspectIR 107 
micro FTIR accessory. Each sample of amount less than 0.050 mg was mixed without using 108 
pressure with KBr. Samples were immediately recorded together with the same KBr as a 109 
reference. 110 
Spectral manipulation of all spectra such as baseline correction/adjustment and 111 
smoothing were performed using the Spectracalc software package GRAMS (Galactic 112 
Industries Corporation, NH, USA). Band component analysis was undertaken using the 113 
Jandel ‘Peakfit’ software package that enabled the type of fitting function to be selected and 114 
allows specific parameters to be fixed or varied accordingly. Band fitting was done using a 115 
Lorentzian-Gaussian cross-product function with the minimum number of component bands 116 
used for the fitting process. The Gaussian-Lorentzian ratio was maintained at values greater 117 
than 0.7 and fitting was undertaken until reproducible results were obtained with squared 118 
correlations of r2 greater than 0.995.  119 
 120 
RESULTS AND DISCUSSION 121 
 122 
Arsenate vibrations 123 
 124 
 According to Myneni et al.  42,43 and Nakamoto 44, (AsO4)3- is a tetrahedral unit, which 125 
exhibits four fundamental vibrations: the 1 symmetric stretching vibration (A1) 818 cm-1, 126 
Raman active; the doubly degenerate 2 symmetric bending vibration (E) 350 cm-1, Raman 127 
active; the triply degenerate 3 antisymmetric stretching vibration (F2) 786 cm-1, and the 128 
triply degenerate 4 bending vibration (F2) 405 cm-1, both infrared and Raman active. 129 
Protonation, metal complexation, and/or adsorption on a mineral surface should cause change 130 
in (AsO4)3- symmetry from Td to lower symmetries, such as C3v, C2v or C1. This loss of 131 
degeneracy causes splitting of degenerate vibrations of (AsO4)3- and the shifting of the As-132 
OH stretching vibrations to different wavenumbers.  133 
 134 
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Such chemical interactions reduce (AsO4)3- tetrahedral symmetry, as mentioned 135 
above, to either C3v/C3 (corner-sharing), C2v/C2 (edge-sharing, bidentate binuclear), or C1/Cs 136 
(corner-sharing, edge-sharing, bidentate binuclear, multidentate) 42,43.  In association with 137 
(AsO4)3- symmetry and coordination changes, the A1 band may shift to different 138 
wavenumbers and the doubly degenerate E and triply degenerate F modes may give rise to 139 
several new A1, B1, and/or E vibrations 42,43. In the absence of symmetry deviations, 140 
(AsO3OH)2- in C3v symmetry exhibit the s As-OH and as and s (AsO3OH)2- vibrations 141 
together with corresponding the  As-OH in-plane bending vibration,  As-OH out-of-plane 142 
bending vibration, s (AsO3OH)2- stretching vibration and as (AsO3OH)2- bending vibration  143 
45-47.  Keller 45 assigned observed the following infrared bands in Na2(AsO3OH)·7H2O 450 144 
and 360 cm-1 to the as (4) (AsO3) bend (E), 580 cm-1 to the  As-OH out-of-plane bend, 715 145 
cm-1 to the  As-OH stretch (A1), 830 cm-1 to the as (AsO3) stretch (E), and 1165 cm-1 to the 146 
 As-OH in plane bend. In the Raman spectrum of Na2(AsO3OH)·7H2O, Vansant et al.  46 147 
attributed observed Raman bands to the following vibrations 55, 94, 116 and 155 cm-1 to 148 
lattice modes, 210 cm-1 to  (OH…O) stretch, 315 cm-1 to (AsO3) rocking, 338 cm-1 to the s 149 
(AsO3) bend, 381 cm-1 to the as (AsO3) bend, 737 cm-1 to the s As-OH stretch (A1), 866 cm-150 
1 to the as (AsO3) stretch (E). 151 
 152 
Raman spectroscopy of pharmacolite 153 
 154 
 Raman and infrared spectrum of pharmacolite was published without any assignment 155 
in the RRUFF database R050537 and R070517. Keller 45 published infrared spectrum of 156 
synthetic pharmacolite and observed bands at 3520, 3470, 3160, 2900, 2400, 1650, 1590, 157 
1230, 895, 865, 820, 740, 710, 540, 410 and 375 cm-1. Myneni et al. 42 assigned the bands at 158 
737 (IR) and 726 (RA) cm-1 to the 1 As-OH stretching vibration and the bands at 869 (IR, 159 
RA) and 899 (IR, RA) cm-1 to the 1 symmetric and 3 (AsO3) antisymmetric stretching 160 
vibrations, respectively. 161 
 162 
 The Raman spectrum of pharmacolite from Zálesí (Z) and Jáchymov (J) in the 600 to 163 
1300 cm-1 region is displayed in Fig. 1.  Prominent Raman bands are observed at 707, 852, 164 
865 and 886 cm-1. Low intensity Raman bands are observed at 684, ~1000, and 1179 cm-1.   165 
The assignment of these bands is as follows: the band at 865 cm-1 is assigned to the ν1 (AsO3) 166 
symmetric stretching mode, and the bands at 886 and 852 cm-1 (Z) and 885, 858, 851 and 844 167 
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cm-1 (J) to the ν3 (AsO3) antisymmetric stretching mode. The band at 707 cm-1 (Z) and 706 168 
cm-1 (J) is attributed to the  As-OH stretching vibrations. A shoulder at 684 cm-1 (Z) and 676 169 
cm-1 (J) is attributed to water librational modes. Raman bands in this position have been 170 
observed for other hydrated arsenates. Raman band at 1179 cm-1 is assigned to the   As-OH 171 
in-plane bending vibration 45. 172 
 The infrared spectra of pharmacolite for two mineral samples from the Czech 173 
Republic in the 600 to 1300 cm-1 region are reported in the supplementary information (Fig. 174 
S1). Intense infrared bands are observed at 711, 840, 864 and 894 cm-1 with minor 175 
components observed in the 1120 to 1190 cm-1 region. The infrared bands at around 668 and 176 
674 cm-1 are attributed to water librational modes, while that at 711 cm-1 to the  As-OH 177 
stretching vibration. Weak bands at 1120, 1163 and 1190 (Z) and 1189 cm-1(J) are ascribed to 178 
the  As-OH in-plane beding vibrations. The infrared bands at 903, 893, 841 cm-1 (Z) and 179 
903, 894 and 840 cm-1 (J) are attributed to the 3 (AsO3) antisymmetric stretching mode. The 180 
infrared band at 864 cm-1 is assigned to the ν1 (AsO3) symmetric stretching mode whilst the 181 
infrared bands at 826 and 801 cm-1 (Z) and 813 cm-1 (J) may be also connected to the split 182 
doubly degenerate ν3 (AsO3) antisymmetric stretching modes together with the bands in the 183 
range from 840 to 903 cm-1. The low intensity infrared bands at around 1190 cm-1 are 184 
attributed to the antisymmetric stretching vibrations of the  As-OH in plane bending 185 
vibrations.    186 
 The low wavenumber Raman spectrum of pharmacolite is reported in Fig. 2. A weak 187 
Raman band at 542 (Z) and 545 (J) cm-1 is assigned to the libration mode of water molecules 188 
or the  As-OH out-of-plane bending mode 45. The Raman spectrum shows complexity with a 189 
number of overlapping bands. Component Raman bands are observed at 337, 359, 371, 398, 190 
416 and 448 cm-1 (Z) and 337, 357, 371, 397 and 448 cm-1 (J). The set of bands between 337 191 
and 398 cm-1 are attributed to the ν2 (AsO3) bending mode. The two high wavenumber bands 192 
at 416 and 448 cm-1 are assigned to the ν4 (AsO3) bending mode. Intense Raman bands are 193 
observed at 287 and 306 cm-1 (Z) and 286, 305 and a weak band at 309 cm-1 (J). These bands 194 
are assigned to CaO stretching vibrations; whilst the bands at 179, 192 and 209 cm-1 (Z) and 195 
176, 187 and 192 cm-1 are assigned to the OCaO bending modes. Other low wavenumber 196 
bands at 125 and 156 cm-1 (Z) and 124, 133 and 155 cm-1 are described as lattice vibrations.   197 
 The Raman spectrum of pharmacolite in the 1500 to 4000 cm-1 region is reported in 198 
Fig. 3. Interestingly a Raman band is found at 1652 cm-1. This band is assigned to the water 199 
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HOH bending mode. It is often difficult to observe this band in Raman spectroscopy; yet is 200 
readily observed in infrared spectroscopy. When observed in Raman spectroscopy, it is 201 
because the water molecule is in a highly symmetric structure. Further the position of the 202 
band is an excellent indicator of the hydrogen bond strength of the water in the pharmacolite 203 
crystal structure. The higher the position of this band the lower the band position of the OH 204 
stretching vibration. The infrared spectra of pharmacolite in the 1500 to 4000 cm-1 region are 205 
displayed in the supplementary information as Fig. S2. Infrared bands are observed in the 206 
region of the HOH bending modes at 1639, 1651 and 1730 cm-1. The observation of multiple 207 
infrared bands in this spectral region again provides evidence for the non-equivalence of 208 
water molecules in the pharmacolite structure. This is supported by X-ray crystal structure of 209 
pharmacolite 2,3. The position of the HOH bending modes show that some water molecules 210 
are very strongly hydrogen bonded.  211 
 212 
The Raman bands observed at 3187, 3265 and perhaps 3330 cm-1 (Z) and 3186, 3239 213 
and 3266 cm-1 (J) are assigned to hydrogen bonded water vibrations. The observation of 214 
multiple bands provides evidence for the non-equivalence of the water molecules in the 215 
pharmacolite structure, at least at the molecular level, which agrees with the crystal structure 216 
of pharmacolite 2,3.  The two sharp Raman bands at 3435 and 3526 cm-1 are assigned to OH 217 
vibrations of (AsO3OH)2- units in the pharmacolite structure. In the infrared spectrum in the 218 
OH stretching region, a series of broad overlapping bands at around 2938, 3176, 3275 and 219 
3369 cm-1 (Z) and 2940, 3058, 3161, 3251 and 3355 cm-1 (J) are attributed to hydrogen 220 
bonded water OH stretching vibrations. The two sharper bands at 3455 and 3529 cm-1 (Z) and 221 
3455 and 3531 cm-1 (J) are assigned to the OH stretching vibrations of (AsO3OH)2- units. 222 
Also the number of observed bands assigned to the  OH stretching vibrations of water 223 
molecules proves that structurally non-equivalent water molecules are present in the crystal 224 
structure of pharmacolite, according to Ferraris 2,3. O-H...O hydrogen bond lengths inferred 225 
from the wavenumbers of the Raman and infrared bands according to Libowitzky 48 vary in 226 
the range from 2.64 to 3.04 Å. These values are close to those from the crystal structure 2,3.   227 
 228 
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 229 
 230 
 231 
Implications for arsenate uptake from contaminated soils 232 
 233 
 One method of removing arsenate from contaminated soils and waters is to add 234 
gypsum to the contaminated area 5, 7, 49. Chemical reactions based upon the dissociation of 235 
gypsum are envisaged:  236 
CaSO4·2H2O → Ca2+ + SO42- + 2H2O 237 
The calcium ions react with the available arsenate anions in acidic solutions according to the 238 
reaction:  239 
Ca2+ +AsO43- + H+ + 2H2O → Ca(AsO3OH)·2H2O 240 
The other mineral which may form is haidingerite Ca(AsO3OH)·H2O. If Mg2+ ions are 241 
present then other minerals are found including picropharmacolite 242 
Ca4Mg(AsO3OH)2(AsO4)2·11H2O, brassite Mg(AsO3OH)·4H2O, hörnesite Mg3(AsO4)2·4H2O  243 
and  rosslerite Mg(AsO3OH)·7H2O. The formation of the minerals for the uptake of arsenate 244 
anion depends upon the relative concentrations of Ca2+ and Mg2+ ions, pH and temperature.   245 
Shaw and Hull-Bailey 50 showed that in soils contaminated with arsenic compounds the 246 
principal mineral found was pharmacolite. Rodriguez-Blanco et al. 6 showed that 247 
pharmacolite was preferentially formed upon gypsum surfaces.  248 
 249 
 250 
CONCLUSIONS 251 
 252 
A combination of Raman and infrared spectroscopy has been used to characterise the mineral 253 
pharmacolite. The mineral is preferentially formed when calcium and arsenate ions are 254 
combined in strongly acidic solutions. Such mineral formation has implications for aquifer 255 
and soil remediation.  The mineral is a calcium hydrogen arsenate and the observed spectra 256 
resulting from the (AsO3OH)2- units are found.   Raman bands attributable to the stretching 257 
and bending vibrations of the (AsO3OH) 2- units were obtained.  Well defined OH stretching 258 
bands are found as well as bands attributable to hydrogen bonded water molecules. The 259 
Raman and infrared spectra show a complex set of overlapping bands in the OH stretching 260 
region. It is suggested that the OH units (related to OH- and especially to H2O, respectively) 261 
in the unit cell of pharmacolite are structurally non-equivalent. The range of O-H...O 262 
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hydrogen bonds lengths was inferred from the spectra. This is in agreement with X-ray single 263 
crystal structure study of pharmacolite.  264 
 265 
 266 
 267 
Acknowledgements 268 
 269 
The financial and infra-structure support of the Queensland University of Technology 270 
Inorganic Materials Research Program of the School of Physical and Chemical Sciences is 271 
gratefully acknowledged. The Australian Research Council (ARC) is thanked for funding the 272 
instrumentation.  This work was financially supported by Ministry of Culture of the Czech 273 
Republic (MK00002327201) to Jiří Sejkora and Jakub Plášil.   274 
 275 
276 
10 
 
 References 277 
 278 
[1] A. H. Church, Min. Mag. 1895, 11,  1-12. 279 
[2] G. Ferraris, Act. Cryst. 1969, B25, 1544-1550. 280 
[3] G. Ferraris, D. W. Jones, J. Yerkess, Act. Cryst. 1971, 27,  349-354. 281 
[4] A. B. de Schulten, Bull. Soc.  Franç. Mineral. 1904, 26,  18-24. 282 
[5] R. Brasse, H. Guerin, P. Mattrat, Bull. Soc.  Franç. Mineral. 1970, 2069-2072. 283 
[6] J. D. Rodriguez-Blanco, A. Jimenez, M. Prieto, Crys. Grow. Des. 2007, 7,  2756-284 
2763. 285 
[7] P. M. Ashley, B. G. Lottermoser, Aust.  J.  Earth Sc. 1999, 46,  861-874. 286 
[8] J. G. Hering, P. E. Kneebone, Environ.  Chem. Arsenic 2002, 155-181. 287 
[9] D. L. Huston, R. S. Bottrill, R. A. Creelman, K. Zaw, T. R. Ramsden, S. W. Rand, J. 288 
B. Gemmell, W. Jablonski, S. H. Sie, R. R. Large, Econ.  Geol. 1992, 87,  542-563. 289 
[10] M. R. Gunsinger, C. J. Ptacek, D. W. Blowes, J. L. Jambor, M. C. Moncur, App. 290 
Geochem.  2006, 21,  1301-1321. 291 
[11] F. Juillot, P. Ildefonse, G. Morin, G. Calas, A. M. d. Kersabiec, M. Benedetti, App. 292 
Geochem. 1999, 14,  1031-1048. 293 
[12] A. R. Keimowitz, Y. Zheng, S. N. Chillrud, B. Mailloux, H. B. Jung, M. Stute, H. J. 294 
Simpson, Environ. Sci. Technol. 2005, 39,  8606-8613. 295 
[13] V. I. Portil'ya, B. E. Zaitsev, L. K. Yakhontova, Vestn. Moskov. Univ., Ser. 4: Geol. 296 
1971, 26,  100-103. 297 
[14] H. Moenke, Mineralspektrum II, 1966, Akademie Verlag, Berlin 298 
[15] F. Novák, P. Pauliš, J. Hykš, B. Bureš, M. Adam, Bull. mineral.-petrolog. Odd. Nár. 299 
muz. (Praha) 2004, 12, 140-142.  300 
[16] J. Sejkora, J. Čejka, V. Šrein, J.  Geosci. 2007, 52 199-210. 301 
[17] J. Plášil, J. Sejkora, J. Čejka, P. Škácha, V. Goliáš, J.  Geosci. 2009, 54, 15-56. 302 
 [18] J. Sejkora, F.C. Hawthorne, M.A. Cooper, J.D. Grice, J. Vajdak, J.L. Jambor, Can. 303 
Min. 2009, 47, 159-164. 304 
[19]     R. L. Frost, J. Čejka, M. J. Dickfos, J. Raman Spectrosc. 2009, 40,  38-41. 305 
[20] R. L. Frost, E. C. Keeffe, J. Raman Spectrosc. 2009, 40,  42-45. 306 
[21] R. L. Frost, E. C. Keeffe, J. Raman Spectrosc. 2009, 40,  133-136. 307 
[22] R. L. Frost, E. C. Keeffe, J. Raman Spectrosc. 2009, 40,  128-132. 308 
[23] R. L. Frost, J. Čejka, G. Ayoko, J. Raman Spectrosc. 2008, 39,  495-502. 309 
11 
 
[24] R. L. Frost, J. Čejka, G. A. Ayoko, M. J. Dickfos, J. Raman Spectrosc. 2008, 39,  310 
374-379. 311 
[25] R. L. Frost, J. Čejka, M. J. Dickfos, J. Raman Spectrosc. 2008, 39,  779-785. 312 
[26] R. L. Frost, J. Čejka, E. C. Keeffe, M. J. Dickfos, J. Raman Spectrosc. 2008, 39,  313 
1413-1418. 314 
[27] R. L. Frost, M. J. Dickfos, J. Čejka, J. Raman Spectrosc. 2008, 39,  582-586. 315 
[28] R. L. Frost, M. J. Dickfos, J. Čejka, J. Raman Spectrosc. 2008, 39,  1158-1161. 316 
[29] R. L. Frost, M. J. Dickfos, B. J. Reddy, J. Raman Spectrosc. 2008, 39,  1250-1256. 317 
[30] R. L. Frost, M. C. Hales, D. L. Wain, J. Raman Spectrosc. 2008, 39,  108-114. 318 
[31] R. L. Frost, S. Bahfenne, J. Raman Spectrosc. 2009, 40,  360-365. 319 
 320 
[32] R. L. Frost, E. C. Keeffe, J. Raman Spectrosc. 2008, 39,  1408-1412. 321 
[33] P. Ondruš, F. Veselovský, J. Hloušek, R. Skála, I. Vavřín, J. Frýda, J. Čejka, A. 322 
Gabašová, J.  Czech Geol.  Soc. 1997, 42, 3-76 323 
[34] J. Sejkora, P. Pauliš, J. Tvrdý, Lapis 2008, 33, 22-36. 324 
[35] J. W. Anthony, R. A. Bideaux, K. W. Bladh, M. C. Nichols, Handbook of 325 
Mineralogy, Vol. IV, Mineral Data Publishing, Tuscon, Arizona, USA, 2000. 326 
[36] R. L. Frost, A. Locke, W. N. Martens, J. Raman Spectrosc. 2008, 39,  901-908. 327 
[37] R. L. Frost, B. J. Reddy, M. J. Dickfos, J. Raman Spectrosc. 2008, 39,  909-913. 328 
[38] M. C. Hales, R. L. Frost, W. N. Martens, J. Raman Spectrosc. 2008, 39,  1141-1149. 329 
[39] S. J. Palmer, R. L. Frost, G. Ayoko, T. Nguyen, J. Raman Spectrosc. 2008, 39,  395-330 
401. 331 
[40] Y. Zhao, R. L. Frost, J. Raman Spectrosc. 2008, 39,  1494-1501. 332 
[41] Y. Zhao, J. Yang, R. L. Frost, J. Raman Spectrosc. 2008, 39,  1327-1331. 333 
 334 
[42] S. C. B. Myneni, S. J. Traina, G. A. Waychunas, T. J. Logan, Geochim. Cosmochim. 335 
Act. 1998, 62,  3285-3300. 336 
[43] S. C. B. Myneni, S. J. Traina, G. A. Waychunas, T. J. Logan, Geochim. Cosmochim. 337 
Act. 1998, 62,  3499-3514. 338 
[44] K. Nakamoto, Infrared and Raman Spectra of Inorganic and Coordination 339 
Compounds, Wiley New York 1986. 340 
[45] P. Keller, Neues  Jb. Mineral. Mh. 1971, 491-510. 341 
[46] F. K. Vansant, B. J. V. D. Veken, J. Mol. Struc.  1973, 15,  439-444. 342 
[47] F. K. Vansant, B. J. V. D. Veken, H. O. Desseyn, J. Mol. Struc.  1973, 425-437. 343 
12 
 
[48]     E. Libowitzky, Monatshefte Chem. 1999, 130, 1047-1059. 344 
 [49] H. Guerin, Comptes Rendus (Paris) 1939, 208,  1016-1018. 345 
[50] S. Shaw, B. Hull-Bailey, Abstracts of Papers, 226th ACS National Meeting, New 346 
York, NY, United States, September 7-11, 2003 2003, GEOC-097. 347 
 348 
 349 
 350 
 351 
 352 
 353 
 354 
 355 
 356 
 357 
358 
13 
 
List of Figs 359 
 360 
Fig. 1  Raman spectra of pharmacolite in the 600 to 1300 cm-1 region.  361 
 362 
Fig. 2  Raman spectra of pharmacolite from the Czech Republic in the 100 to 600 cm-1 363 
region.  364 
 365 
Fig. 3  Raman spectra of pharmacolite from the Czech Republic in the 1500 to 4000 cm-1 366 
region.  367 
 368 
369 
14 
 
 370 
 371 
Fig. 1 372 
 373 
374 
15 
 
 375 
 376 
Fig. 2 377 
 378 
379 
16 
 
 380 
 381 
Fig. 3 382 
 383 
 384 
 385 
 386 
 387 
